Mutations in the retinitis pigmentosa GTPase regulator (RPGR) protein cause one of the most common and severe forms of inherited retinal dystrophy. In spite of numerous studies, the precise function of RPGR remains unclear, as is the mechanism by which RPGR mutations cause retinal degeneration. We have analysed the function of RPGR by RNA interference-mediated translational suppression [knockdown (KD)] using a model cellular system for studying the formation, maintenance and function of primary cilia (human telomerase-immortalized retinal pigmented epithelium 1 cells). We observed that RPGR-deficient cells exhibited reduced numbers of cilia, slower cell cycle progression and impaired attachment to fibronectin, but showed no migration defects in a wound-healing assay. RPGR KD cells showed stronger actin filaments, associated with basal dysregulation of the Akt, Erk1/2, focal adhesion kinase and Src signalling pathways, as well as a 20% reduction in b1-integrin receptors at the cell surface and impaired fibronectininduced signalling. Stronger actin filaments and impairment of the above signalling pathways suggest a common underlying mechanism for all of the cellular phenotypes observed in RPGR KD cells. Our data underline a novel function for RPGR in cilia formation and in the regulation of actin stress filaments, suggesting that, in the retina, it may regulate nascent photoreceptor disc formation by regulating actin-mediated membrane extension.
INTRODUCTION
Vertebrate rod and cone photoreceptors are sensory neurons whose function in vision depends on the formation of a complex sensory cilium (1 -3) . The early stages of photoreceptor cilium development are similar to other developing cilia in which an axoneme, consisting of nine outer microtubular doublets (9 + 0), emerges from a basal body associated with the apical cell surface. The light-sensing domain, the outer segment (OS), arises through transformation of the plasma membrane in the distal part of the axoneme into discs, with the axoneme forming a structural backbone. At the earliest stages, the precursors of disc membranes are formed as a disorderly array of vesicular and tubular structures, but quickly become organized into discs that are oriented perpendicular to the axoneme. While actin disruption has been shown to result in elongated nascent discs (4) , not much is known about the mechanisms and regulation of disc formation.
The portion of the photoreceptor cilium between the basal body and the OS, generally referred to as the connecting cilium (CC), is the structural equivalent of the transition zone of other types of cilia and flagella and appears to act as a selective filter or barrier for entry of ciliary and intraflagellar transport proteins and membrane traffick into the cilium (2, 5) . Because all movement to and from the OS must proceed through this narrow and structurally complex space, the CC is effectively a bottleneck and a potential regulatory site. Almost one-quarter of known photoreceptor degeneration genes are associated with ciliary structure or function (6) . In addition, cilia-related disorders (ciliopathies) have been implicated in renal cystic diseases, liver fibrosis, anosmia, ataxia, cardiac defects, situs inversus and craniofacial disorders (reviewed in 7 -11), making primary cilia dysfunction the underlying aetiology in numerous genetic disorders.
Retinitis pigmentosa (RP, MIM# 268000) is one of the most heterogeneous genetic disorders known in man. Most cases are presumed to result from a mutation in one or more genes showing autosomal, X-linked or mitochondrial inheritance, although about one-half of all cases are sporadic (12, 13) . X-linked RP is one of the most severe forms of RP, with mutations in the RP GTPase regulator (RPGR) gene accounting for up to 80% of all cases (14) . The RPGR protein is predominantly located in the photoreceptor connecting cilia of mouse, rat, bovine, porcine, Xenopus and zebrafish retina (15) (16) (17) . RPGR was also shown to localize to primary cilia of other cell types [IMCD3 and MDCK (18, 19) ] and tissues such as respiratory epithelium (15) . RPGR interacts with a number of ciliary proteins and ciliopathy genes, including the RPGR-interacting protein 1 (RPGRIP1) (20, 21) , nucleophosmin (NPM1) (18) , nephrocystin-1 (NPHP1), NPHP4, CEP290/NPHP6 (22) and RPGRIP1L/NPHP8 (23) , and has been proposed to be present in the retina in multiprotein complexes associated with different NPHP proteins (24) . These data, together with recent findings that morpholino-mediated knockdown (KD) of RPGR in zebrafish results in abnormalities associated with ciliary dysfunction (shortened body axis, gastrulation defects and abnormalities in retinal development), suggest an important role for RPGR in cilia functioning.
There are two major isoforms of RPGR: RPGR 1 -19 , which contains 19 exons and encodes a soluble protein of 815 amino acids, and RPGR ORF15 , which contains an unusual purine-rich C-terminal exon ORF15 and encodes a soluble protein of 1152 amino acids (25 -27) . Additional splice variants have been reported, with approximately 10% of RPGR transcripts in the retina alternatively spliced between exons 9 and 15 (28) . The N-terminal region of RPGR is structurally similar to the RCC1 protein, a guanine nucleotide exchange factor (GEF) for the small GTPase Ran (25, 29) . Based on this similarity, it has been proposed that RPGR can act as a GEF for a small GTPase. Indeed, it was shown recently that RPGR can act as a GEF for the small GTPase Rab8 (30) , which is involved in ciliary transport and rhodopsin trafficking to the OS (31) (32) (33) . However, not all disease-causing RPGR mutants affected its GEF function towards Rab8 (30), suggesting that RPGR may have additional roles in photoreceptors.
We have undertaken a comprehensive analysis of RPGR functioning in a cellular model that is increasingly used for studying primary cilia, the telomerase-transformed human retinal pigment epithelium cell line (hTERT-RPE1), by RNA interference (RNAi)-mediated translational suppression (KD) of all RPGR isoforms. We found that the absence of RPGR impaired ciliogenesis and cell attachment, slowed cell cycle progression and augmented cell contractility. We also observed that RPGR-deficient cells exhibit stronger actin filaments, which suggests that this is a key mechanism underlying all the KD phenotypes observed. These data suggest an important role for RPGR in ciliogenesis and in the regulation of filamentous actin and provide insights into the functioning of RPGR in both primary cilia and photoreceptors.
RESULTS

RPGR KD affects ciliogenesis in RPE1 cells
We first looked at RPGR localization in hTERT-RPE1 (RPE1) cells, which are increasingly used as a model system for studying ciliary function in live mammalian cells, including photoreceptor functions such as opsin transport in cilia (34) . Using an antibody that recognizes both RPGR 1 -19 and RPGR ORF15 , we found that RPGR localizes to cilia in RPE1 cells (Fig. 1A) , as shown for other cell types previously (18, 19, 30) . We also observed a punctate vesicle-like cytoplasmic staining (Fig. 1A) and in the region of cell -cell contacts (Fig. 1B and Supplementary Material, Fig. S1 ). To analyse the cellular functions of RPGR, we depleted RPGR by RNAi. The short interfering RNA (siRNA) we used targets both RPGR 1 -19 and RPGR ORF15 and resulted in 95% KD efficiency as measured by western blot (Fig. 1C) . The bands that disappear upon RPGR depletion migrate at 120 and 90 kDa. The bands that do not disappear upon RPGR depletion are presumed to be non-specific. RPGR ORF15 was reported to migrate at 200 -250 kDa, and indeed after over-expression, we observed that RPGR ORF15 migrates at around 230 kDa (data not shown), while the endogenous protein was not detectable. To verify that RPGR ORF15 was depleted, we performed reverse transcriptase -polymerase chain reaction (RT -PCR) to quantify transcript levels at 24 h after transfection. This confirmed that both RPGR ORF15 and RPGR 1 -19 were efficiently depleted from RPE1 cells (Fig. 1C) . Of note, we observed that there is an alternatively spliced variant of RPGR 1 -19 , which most likely gives rise to the 90 kDa band. We also observed that the vesicular RPGR staining disappeared upon siRNA transfection (Fig. 1B) . The efficiency of the KD at the protein level was highest between 48 and 72 h post-transfection (data not shown).
We next analysed the formation of cilia upon RPGR silencing. Strikingly, we observed that there were around 60% fewer ciliated cells in the RPGR-silenced population compared with the control (Fig. 2) , as measured by two ciliary markers, acetylated a-tubulin and the intraflagellar transport protein IFT88. These results differ from a previously reported study, which showed only shortened cilia on RPGR KD (30) , which could be due to higher KD efficiency in our system or to differences in the cilia induction protocol. These results suggest that RPGR plays an important role in cilia formation in RPE1 cells.
RPGR KD affects cell division but not cell migration
In the course of these experiments, we observed that RPGR-deficient cells have a different shape compared with control cells (Fig. 3) . RPGR KD cells seemed to occupy a larger surface area and to be more flattened in appearance. Not all RPGR KD cells are larger than control cells, but they show a tendency to spread more than in controls (see cell outlines in Fig. 3 ). Note that the number of cells in a field is almost the same between the control and RPGR KD conditions (30 + 2). The apparent confluence of the RPGR KD cells arises from their more robust spreading.
We then performed a wound-healing assay to analyse whether RPGR-deficient cells have a defect in cell migration. RPGR KD cells showed similar migration rates and wound closure as the control cells ( Fig. 4A and Supplementary Material, Movies S1 and S2). However, we did observe that there were fewer cell divisions in the RPGR-deficient cell population (Supplementary Material, Movies S1 and S2). Using propidium iodide staining, RPGR KD cells showed an extended G1 phase compared with control cells (Fig. 4B) . As a result, RPGR-deficient cells undergo fewer cell divisions than the control cells, as measured by carboxyfluorescein succinimidyl ester (CFSE) staining and fluorescence-activated cell sorting (FACS) (Fig. 4C ). It has been proposed that cell division is linked to ciliogenesis, with cilia forming only in G1 and being reabsorbed before the cell enters S phase (35, 36) . However, a recent report shows that blocking the cells in G1 is not sufficient by itself to induce ciliogenesis (37) . Indeed, if all cells in G1 form cilia, we would see an increase, rather than a decrease, in the number of ciliated cells in the absence of RPGR, which is not the case. Furthermore, the RNAi KD of a protein that interacts with RPGR, NPM (18) , induces arrest in G1 (data not shown), but here there are more ciliated cells and with longer cilia, both in human RPE1 (Supplementary Material, Fig. S2 ) and in murine NIH3T3 cells. About 20% of NIH3T3 cells transfected with a control siRNA had cilia longer than 3 mm, compared with 44% of NPM-silenced cells (data not shown). Altogether, these data suggest that there is no direct link between cell cycle progression and cilia formation in RPGR KD cells. The lengthening of the cell cycle is therefore not the cause of impaired ciliogenesis in RPGR-deficient cells. (C) RPE1 cells were transfected with a control siRNA or siRNA targeting both RPGR 1 -19 and RPGR ORF15 . Forty-eight hours after transfection, the cells were lysed and RPGR was immunoprecipitated and subjected to SDS-PAGE followed by western blotting. RPGR was visualized with anti-RPGR antibody. Additional bands that are unchanged by siRNA KD are presumed to be non-specific. The blot with cell lysates was reprobed with anti-a-tubulin as loading control. (D) RPE1 cells were transfected with a control siRNA or siRNA targeting both RPGR 1 -19 and RPGR
ORF15
. Cells were lysed 24 h after transfection, and mRNA was extracted and subjected to RT-PCR followed by PCR amplification using RPGR 1 -19 -and RPGR ORF15 -specific primers. The amplification of GAPDH was used as control. C, control siRNA; R, RPGR-specific siRNA. Scale bars, 10 mm.
RPGR KD affects cell attachment, b1-integrin expression and focal adhesion kinase signalling
We observed that RPGR-deficient cells attach and spread more slowly than control cells after passaging. Indeed, we found that RPGR-deficient cells exhibited impaired attachment to fibronectin (Fig. 4D) , which could account for the delay in cell division. We thus analysed fibronectin-induced signalling events (Fig. 5A) . We found that the activation of focal adhesion kinase (FAK) (measured by phosphorylation on Tyr397 and Tyr576/577), Akt (phospho-Ser473 and phospho-Thr308), Src (phospho-Tyr416) and to some extent Erk1/2 (phosphoThr202/Tyr204) kinases was impaired in the absence of RPGR after plating on fibronectin. We found that RPGRdeficient cells expressed around 20% less b1-integrin at the cell surface (Fig. 5B) , which could account for the lower cell attachment observed. Interestingly, we found that the Akt Ser473 phosphorylation was up-regulated in RPGR-deficient cells under basal conditions (Fig. 5A , compare lane 1 and lane 5). We analysed further the basal phosphorylation of FAK, Akt, Src and Erk1/2 in the presence or absence of serum in RPGR-depleted cells. We found that Akt-pSer473 and Erk1/2-pThr202/Tyr204 were up-regulated, whereas FAK-pY397 and Src-pY416 were diminished in RPGR-deficient cells. These data show that there is a basal deregulation of signalling pathways in the absence of RPGR, which, together with lower b1-integrin expression, could account for slower cell attachment.
RPGR KD affects the actin cytoskeleton and focal adhesions FAK and Src basal phosphorylation status are each closely linked to focal adhesion stability and turnover (38) . FAK is a substrate of Src, and the phosphorylation of FAK is required for its full activity and focal adhesion turnover. The deregulation of FAK phosphorylation and the different shapes of RPGR-silenced cells suggested an effect on focal adhesions. We therefore analysed focal adhesions in RPGR-silenced cells by staining with antibodies specific for a-actinin (Fig. 6A and B) , zyxin ( Fig. 6C and D) and paxillin ( Fig. 6E and F) . a-Actinin is a cytoskeletal protein that crosslinks actomyosin stress fibres and tethers them to focal adhesions. Zyxin is an a-actinin and stress fibre-binding protein that is present in mature focal adhesions. Paxillin is an integrin-binding protein that recruits FAK, among other proteins, to focal adhesions (38) . While a-actinin showed somewhat stronger staining in RPGR-deficient cells, zyxin-and paxillin-stained focal adhesions were clearly larger in the absence of RPGR. Paxillin staining was particularly striking, with long focal adhesions not confined to the cell periphery as in control cells, but present throughout the cell body in RPGR-silenced cells ( Fig. 6E and F) . The lower basal phosphorylation of FAK, together with larger focal adhesions in RPGR-silenced cells, suggests that RPGR plays a role in focal adhesion maturation and/or turnover. Interestingly, we found that FAK silencing results in a higher number of ciliated cells (Supplementary Material, Fig. S3 ) since 40% of cells were ciliated after FAK silencing compared with 20% in control-treated cells. This suggests that there is not a direct link between the effect of RPGR on focal adhesions and ciliogenesis. Focal adhesion stability is controlled by actomyosin contractility. Higher contractility results in more focal adhesion. The larger focal adhesions in RPGR-silenced cells prompted us to analyse the effect of RPGR silencing on the microtubule and actin cytoskeleton. While a-tubulin staining was similar in control and RPGR-deficient cells (Fig. 7, left panel) , we found that actin filaments were labelled more strongly in the absence of RPGR, both in a confluent cell culture (Fig. 7 , middle panel) and in single cells grown on fibronectin patterns (Fig. 7, right panel) . These data fit with recent findings that show a restrictive role for actin in ciliogenesis, whereby actindepolymerizing drugs such as cytochalasin D result in longer cilia (Supplementary Material, Fig. S4) (37, 39, 40) . Altogether, these data suggest that RPGR regulates ciliogenesis at least partly by regulating cell contractility, through its effects on the actin cytoskeleton.
DISCUSSION
In spite of numerous studies, the exact function of RPGR is not yet clear, nor is the mechanism by which RPGR mutations cause retinal degeneration. In this study, we report that silencing of RPGR leads to a decrease in the number of ciliated cells as well as a defect in actin stress fibre formation/stability, cell attachment and proliferation. While we do not know the causative relations between these phenotypes, impaired actin dynamics is a common denominator for all of them. Indeed, recent reports show that actin depolymerization by cytochalasin D favours ciliogenesis (37, 40) . Conversely, the stronger actin stress fibres resulting from TMEM216 or missing-inmetastasis KD blocked ciliogenesis (39, 41) , as is the case for RPGR. It is thought that actin impacts ciliogenesis through the correct positioning of the centrosome close to the cell membrane for axoneme extension (42, 43) . However, it was reported that cell contractility can act separately on both cilium extension and basal body positioning (37) . Cells grown on extended substrates causing higher contractility could form cilia without centrosome repositioning when the actin cytoskeleton was relaxed by Rho inhibition. This could be explained by actin localization to the ciliary pocket, a membranous structure found at the ciliary base, which is associated with active clathrin-mediated endocytosis (44) . It is possible that actin affects cilium elongation by regulating the growth/ elongation of the ciliary pocket. Altogether, these data corroborate our findings that RPGR-mediated regulation of actin dynamics affects ciliogenesis.
Our data show that RPGR-depleted cells attach more slowly when plated, which could explain the delay in cell proliferation. We also observed that RPGR-deficient cells have larger focal adhesion after 48 h in culture. Together, these data point to a deregulation of cell adhesion turnover. In agreement with this, we found lower basal phosphorylation of Src and FAK in RPGR-depleted cells. FAK undergoes phosphorylation upon adhesion-mediated integrin clustering at the cell surface. Phosphorylated FAK recruits Src, which in turn phosphorylates FAK and downstream substrates (38, 45, 46) . Consistent with lower Src and FAK activation upon plating on fibronectin, Erk1/2 and Akt are also less phosphorylated in RPGR-depleted cells. Strikingly, the basal phosphorylation of Akt is higher in the absence of RPGR; the significance of this finding is not clear. Both FAK and Src were shown to be required for focal adhesion disassembly (47, 48) ; lower FAK phosphorylation has been associated with more stable focal complexes (49) . FAK can both promote and decrease actomyosin contractility (reviewed in 38). However, the maturation of focal complexes, short-lived contact points with the extracellular matrix, into focal adhesions, requires actomyosin contractility. The presence of larger and broader focal adhesions is in line with a more robust actin network in RPGR-depleted cells. Altogether, these data suggest that the absence of RPGR results in more focal adhesion maturation due to stronger actomyosin contractility and less disassembly due to lower FAK-Src activation. Lower FAK phosphorylation could be explained by lower surface amount of b1-integrin exhibited by RPGR-silenced cells. Whether RPGR affects b1-integrin protein level or trafficking is not clear at the present time. However, since RPGR was proposed to play a role in protein trafficking through the photoreceptor CC, it is interesting to speculate that RPGR affects b1-integrin transport to the cell surface, possibly also through the regulation of actin dynamics. Actin cytoskeleton remodelling provides the forces required for a variety of cellular processes based on membrane dynamics, such as endocytosis, exocytosis and vesicular trafficking at the Golgi (reviewed in 50,51). It is therefore possible that deregulation of actin dynamics impacts b1-integrin trafficking. Alternatively, RPGR interaction with Rab8, involved in polarized vesicle trafficking (52) , or another yet unidentified small GTPase could be responsible for lower b1-integrin expression at the cell surface.
Could the role of RPGR in actin remodelling explain the pathophysiology of retinal degeneration caused by RPGR mutations? The role of the actin cytoskeleton in photoreceptor OS biogenesis has been well documented. Actin was localized to the distal portion of the CC in frog, rat, cow, monkey and human photoreceptors (53, 54) . This is the same site as where the CC plasma membrane evaginates to form new OS discs, so that these results suggest that an actin-mediated contractile mechanism may underlie OS disc morphogenesis. Indeed, treatment of Xenopus eyecups with the actin depolymerizing drug, cytochalasin D, resulted in overgrowth of nascent discs (4) . This shows that the normal network of actin filaments is apparently not necessary for continued evagination of the membrane, but it does seem to be an essential part of the mechanism that initiates the evagination of the ciliary plasma membrane and/or the mechanism that controls how far nascent discs grow.
RPGRIP1 knockout mice show a similar phenotype to cytochalasin D-induced disc defects. RPGRIP1 2/2 mice show fewer, but markedly elongated, nascent discs (55) . The morphological defect in the RPGRIP1 2/2 photoreceptors is most consistent with new discs being initiated at a reduced rate, so that fewer but larger discs are formed. RPGR photoreceptor localization was shown to be dependent on RPGRIP1, but not vice versa. The RPGR 2/2 mouse also shows an interesting phenotype (56) . While the structure and initial formation of the CC were normal, the newly formed disc membranes at the base of photoreceptor OSs were noticeably disorganized. Also, opsin was mislocalized to the inner segment, perinuclear and synaptic regions, suggesting a role for RPGR in polarized vesicle transport to the OS.
Recently, Coene et al. (57) identified the Nek4 serine/threonine kinase as an interaction partner for both RPGRIP1 and RPGRIP1L and showed that while these proteins are not Nek4 kinase substrates, they may be components of ciliumspecific protein scaffolds. As with RPGR, RNAi KD of Nek4 in hTERT-RPE1 cells reduced ciliary numbers, consistent with the above role. Both RPGRIP1 and RPGRIP1L interact with RPGR (23, 58) , but in photoreceptors, Nek4 is confined to the ciliary rootlet and only partially overlaps the base of the CC, throughout which RPGR, RPGRIP1 and RPGRIP1L are found (15, 55, 58) . Nek4 has also been implicated in microtubule polymerization (59), but not in regulating the actin cytoskeleton, although its kinase substrates in the cilium remain to be identified. Altogether, our data suggest that while RPGR may associate with a variety of other transport and scaffold proteins en route to the cilium, a major function within the photoreceptor cilium is nascent disc formation, by regulating actin-mediated membrane extension. Since RPGR has been found to interact with Rab8, a small GTPase involved in ciliogenesis and rhodopsin trafficking (30, 31, 60) , it is tempting to hypothesize that RPGR mediates previously reported Rab8-positive vesicle docking to microfilament bundles (31) and/or coordinates vesicle docking with membrane extension. Further work will be required to narrow these possibilities.
MATERIALS AND METHODS
Cell lines
hTERT-RPE1 cells were obtained from Alexandre Benmerah, Cochin Institute (Paris, France) and cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 medium (Gibco, Paisley, UK), supplemented with 10% foetal calf serum (FCS), sodium bicarbonate and penicillin/streptomycin. Mouse embryonic fibroblast NIH3T3 cells were cultured in DMEM/F12 medium (Gibco), supplemented with 10% FCS and penicillin/streptomycin. 
Antibodies and reagents
The following antibodies were used: rabbit anti-RPGR (Atlas Antibodies, Stockholm, Sweden, HPA001593), mouse antiacetylated a-tubulin (Sigma, T6793), mouse anti-a-tubulin (Sigma-Aldrich, Irvine, UK), mouse anti-b-catenin (BD Biosciences, Oxford, UK), rabbit anti-g-tubulin (Sigma-Aldrich), rabbit anti-IFT88 (Proteintech, Manchester, UK), mouse anti-b1-integrin (Abcam, Cambridge, UK, 12G10), mouse anti-a-actinin (Sigma-Aldrich), mouse anti-zyxin (Abcam), mouse anti-paxillin (BD Biosciences), phalloidin-Alexa647, mouse anti-NPM (Zymed, Newmarket, UK) and mouse anti-b-actin (Sigma-Aldrich). The following rabbit antibodies were purchased from Cell Signaling Technology, Hitchin, UK:
anti-FAK (3285), anti-FAK-pY397 (3283), anti-FAK-pY576/7 (3281), anti-Akt (4691), anti-Akt-pT308 (2965), anti-Akt-pS473 (4060), anti-Src-pY416 (2101) and anti-Erk1/2-pT202/Y204 (4370). Secondary antibodies, donkey anti-mouse-Alexa488 and donkey anti-rabbit-Alexa594 were purchased from Molecular Probes (Invitrogen, Paisley, UK). The mounting medium used was ProLong Gold with 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Invitrogen).
The following siRNA duplexes (all with dT overhangs) were purchased from Sigma-Aldrich: † control siRNA (used interchangeably with similar results):
Adhesive micropatterns (Cytoo chips) were purchased from CYTOO, SA (Grenoble, France).
Transfection, cilia formation, cell cycle, cell division, cell migration and cell attachment assays Cells were transfected with LipofectamineRNAiMax (Invitrogen) using the reverse transfection protocol as per the manufacturer's instructions. Briefly, siRNA was diluted in OptiMEM (Gibco) to a final concentration of 50 nM per well of a six-well plate. An aliquot of 3 ml LipofectamineRNAiMax was added to the Opti-MEM/siRNA mix, and the plates were incubated for 10 min at room temperature. Cells were plated on the siRNA/Lipofectamine mix at a density of 2 × 10 5 cells/well. For the analysis of cilia formation, 40 h after transfection, the cells were seeded on cover slips in a 24-well plate at 50-60% confluence. Four hours later, the medium was replaced with serum-free medium for an additional 24-28 h, after which the cells were fixed and immunostained. To analyse the role of actin in cilia formation, cytochalasin D (Merck, Feltham, UK) was added for 16 h at the indicated concentrations at the same time as serum was removed.
For cell cycle analysis, 40 h after transfection, the cells were replated in a six-well plate at 50% confluence. Eight hours later, the cells were detached and fixed in ethanol, followed by incubation with 100 mg/ml RNase A (Roche, Welwyn Garden City, UK) for 1 h at room temperature. After phosphate-buffered saline (PBS) washing, the cells were incubated with propidium iodide (Invitrogen) and analysed for DNA content by FACS on a BD FACS Aria sorter.
To analyse the number of cell divisions, the cells were incubated with CFSE (Invitrogen) for 30 min at 378C immediately prior to transfection. Forty hours after transfection, the cells were replated in a six-well plate at 50% confluence. Eight hours later, the cells were detached, and CFSE intensity was analysed by FACS on a BD FACS Aria machine.
RNA extraction and RT -PCR
Twenty-four hours after transfection, mRNA was extracted from transfected cells using the RNeasy Mini kit (Qiagen, Crawley, UK). About 1 mg of mRNA from control and RPGR-silenced cells was reverse transcribed with the Transcriptor Reverse transcription kit (Roche), as per manufacturer's instructions. The resulting cDNA was used to perform PCR using the following primers: RPGR 
Immunostaining and live imaging
For immunofluorescence analyses, cells were fixed in 4% paraformaldehyde for 10 min at 378C, washed with PBS, permeabilized with 0.5% Triton X-100 for 1 -5 min at room temperature, washed with PBS and blocked in 10% FCS and 2% bovine serum albumin in PBS for 1 h at room temperature, followed by incubation with primary antibodies for 1 -2 h at room temperature, washings in PBS, incubation with secondary antibodies for 45-60 min at room temperature, washings in PBS. The cover slips were mounted using ProLong Gold antifade reagent containing DAPI for nuclear staining (Molecular Probes and Invitrogen). For g-tubulin staining, the cells were fixed in methanol for 10 min at 2208C, followed by washings in PBS and blocking. The images were taken on Nikon A1R and Zeiss LSM510 confocal microscopes. The images were analysed using the ImageJ software. The images represent confocal projections, unless stated otherwise.
For the wound-healing assay, 48 h after transfection, a scratch wound was performed and cell movement visualized using a live imaging system (Zeiss Axiovert 200 fluorescence system). Images were captured every 5 min for 15 h and analysed using the ImageJ software.
Western blots
Cells were lysed in a modified RIPA buffer [50 mM Tris -Cl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.05% sodium dodecyl sulphate (SDS) and 2 mM EDTA], containing a protease inhibitors cocktail (Roche), 1 mM sodium vanadate, 5 mM sodium fluoride and 10 mM iodoacetamide. The lysates were centrifuged for 10 min at 16 000g, and the post-nuclear supernatants were incubated for 5 min at 958C with Laemmli sample buffer. The proteins were separated on a 10% SDS -polyacrylamide gel (PAGE) (Invitrogen) and transferred to a nitrocellulose membrane (Hybond; GE Healthcare, Little Chalfont, UK). The blots were blocked in milk for 2 h and then incubated with primary antibodies overnight. A secondary antibody coupled with horseradish peroxidase was used for detection by enhanced chemiluminescence (GE Healthcare).
